[1] Deepwater renewal by intrusions and turbulent diffusion in Lake Baikal is very effective despite the enormous depth of up to 1642 m and the permanently stable stratification below $300 m depth. Temperature time series recorded at the bottom of a mooring installed since March 2000 in the South Basin of the lake indicate recurrent freshwater intrusions with volumes of 50 to 100 km 3 , about one order of magnitude larger than previously observed intrusions. Numerous mechanisms have been proposed to explain the advective deep water renewal. Here we present for the first time direct observations which prove that they are caused by coastal downwelling and subsequent thermobaric instability along the steep lake shores. Understanding these mechanisms is an important prerequisite for studying biogeochemical cycles, for predicting the effects of climate change on this unique ecosystem and for evaluating the local climate history from the extraordinary sedimentary record of Lake Baikal. 
Introduction
[2] Lake Baikal is one of the most unusual lakes in the world. It is the world's largest reservoir of fresh surface water and home to several hundred endemic species [Kozhova and Izmesteva, 1998 ]. The lake is divided into three basins of similar size the deepest of which is the Central Basin (CB, 1642 m), followed by the South Basin (SB, 1461 m) and the North Basin (NB, 904 m).
[3] Seasonal convective mixing cannot reach beneath $300 m depth due to the effect of pressure on the temperature of maximum density (TMD). The TMD decreases by $0.2°C per 100 m depth, varying from 4°C at the surface to <1°C in the depths of the CB. The deep water of the lake, below 300 m depth, is weakly but permanently stratified by temperature [e.g., Weiss et al., 1991] . Hence, one would expect geothermal heat input and warming from above to destroy this stratification, but the gradient and thus the permanent stratification is maintained by regularly occurring deep inputs of cold surface water.
[4] The high deepwater renewal rate has important consequences. It leads to efficient recycling of the nutrients from the deep water which is on the same order of magnitude as the external nutrient inputs [Müller et al., 2005] . As a result both biological and biogeochemical processes in the lake depend on the vertical exchange mechanisms.
[5] To be able to predict changes in the deepwater renewal rates in a changing environment, it is essential to understand the underlying mechanisms. Recent changes like the shortening of the ice-covered period [Todd and Mackay, 2003] or the weakening of the typical winter Siberian high pressure system [Panagiotopoulos et al., 2005] could affect vertical mixing processes and deepwater renewal. Furthermore, understanding these processes is an important step towards evaluating historic changes in the biological productivity and diversity observed in the unique sediment stratigraphy [Mackay, 2007] .
[6] Several studies have shown that the effective deepwater renewal is due to both a very high vertical diffusivity (on the order of 10 À3 m 2 s À1 within the very weakly stratified deep water), and an advective flux of surface water down to the depths of the individual basins [e.g., Kipfer et al., 2000] . Especially in the SB, deep cold water intrusions have been regularly observed, usually around the time of convective surface mixing in June and December/ January .
[7] Different mechanisms have been put forward to explain the deepwater intrusions. For example, it has been suggested that density plumes formed from the slightly harder and therefore denser water of the Selenga River plunge down to the depths of the CB and possibly also the SB in the spring [Hohmann et al., 1997] , or that thermal bars form due to the mixing of pelagic water colder than the TMD with near-shore water warmer than the TMD [Shimaraev et al., 1993] . It has also been proposed that during periods of weak stratification, surface water with a temperature below the bottom water temperature could be pushed down to a depth where its density is higher than that of the ambient water at the same depth [Weiss et al., 1991] . Given a typical temperature stratification in the SB in June or December (Figure 1 ), the water would have to be vertically displaced by $200 m until its temperature difference to the TMD is lower than that of the ambient water. In this case thermobaric instabilities would occur and the water would plunge to the deepest reaches of the SB. The required vertical displacement and the energy needed to achieve it increase with decreasing surface temperature. Thermobaric instabilities are therefore most probable when the surface water is just slightly colder than the deep water, which is the case before convective mixing (by warming) in June and after convective mixing (by cooling) in December or January.
[8] Both calculations with a two-dimensional model [Akimoto et al., 1995] as well as rough estimates based on the underlying physical processes suggested that an along-shore wind on the order of some 6 m s À1 could produce a sufficiently strong Ekman transport towards the shore to cause the required downwelling. Such wind speeds at that time of the year are common at Lake Baikal [Shimaraev et al., 1994] . But temperatures of thermistors moored at different locations in the pelagic waters have never shown downwelling sufficient to produce thermobaric instabilities. We therefore hypothesized that previous moorings had been located too far offshore. Starting in March 2004, we deployed the mooring ''Shore'' at a distance of $1.0 km from the northern shore of the SB, in addition to the two moorings ''Neutrino West'' (NTW) and ''Neutrino East'' (NTE) that had already been installed further offshore (Figure 2 ). This setup allowed us to observe for the first time a coastal downwelling event in Lake Baikal leading to a large deepwater intrusion.
Methods
[9] Three moorings were installed near the northern shore of the SB from March 2004 to March 2007: The moorings NTW and NTE were situated at a distance of 3.2 km from the shore, separated by 1.0 km, at a depth of $1350 m. The third mooring ''Shore'' was placed on a small flat area within the steeply descending slope, at a depth of 550 m, 1.0 km from the shore (Figure 2 ).
[10] The moorings were equipped with different types of thermistors: Vemco 12-bit minilog 64K (resolution 0.015°C, accuracy 0.1°C), RBR TR-1000 (resolution 0.002°C, accuracy 0.05°C), TR-1050 (resolution 0.0001°C, accuracy 0.002°C), and TDR-2050 (resolution 0.0001°C, accuracy 0.002°C). In addition, two Aanderaa current meters RCM7 (resolution 0.007 m s [12] NTE: Vemco minilog at 17, 32, 56, 70, 85 and 104 m depth, TR-1000 at 794, 1294, 1334, and 1353 m depth (2 m above ground), TR-1050 at 379 m depth, and TDR-2050 at 994 m depth.
[13] ''Shore'': Vemco minilog at 15, 50 100, 150, 200, 250 and 300 m depth, TR-1000 at 400, 450, 500, and 547 m (3 m above ground) depth, TR-1050 at 525 m depth, Aanderaa current meters at 16 and 548 m depth.
[14] The accuracy of the thermistors was confirmed in the laboratory before deployment using a 7025 Benchtop Calibration Bath (Hart Scientific). The sensors were calibrated using an automated temperature stepping program. This allowed the RBR sensor-to-sensor differences to be reduced to approximately 0.001°C. Vemco thermistors were only deployed at depths where the temperature variability is so high that their lower resolution and accuracy is not important.
[15] Vertical temperature and conductivity (CTD) profiles were regularly measured at several locations in the SB using a Sea-Bird SBE 25 Sealogger CTD probe. Wind speed and direction were measured using an ultrasonic anemometer (precision 0.15 m s À1 for wind speed and 3°for wind direction) uphill of the village of Listvyanka at 208 m above the lake level and 4.5 m above ground, $34 km northeast of the moorings (Figure 2 ).
Results and Discussion
[16] Six large cold water intrusions were observed at the bottom of the NTW mooring between March 2000 and March 2007 (Figure 3) . Four of them occurred in December/ January and one in mid-June, i.e., at times when the conditions for the formation of thermobaric instabilities are ideal. One intrusion was observed in February 2006 when the lake would normally be ice-covered. However, in 2006 the SB was at least partially open in February. Both the large-scale trends and the short-term temporal dynamics of the temperatures observed at the bottom of the NTE mooring (not shown) were usually very similar to those observed at the NTW mooring, however typically with time shifts of a few hours to one day. The observed intrusions were thus of a significantly larger scale than the 1 km distance between the two moorings.
[17] The intruding water masses were 0.1 to 0.35°C colder than the ambient deep water which has a background temperature of $3.38°C. After each cooling event the temperature 2 m above bottom at the NTW mooring exponentially approached 3.38°C with an e-folding time constant of 4 to 6 months. This time scale agrees well with the previously estimated vertical diffusivity on the order of 10 À3 m 2 s À1 in the deep water [Wüest and Lorke, 2003 ]. The total heat input between 1300 and 1400 m depth was estimated based on the temperature difference between CTD profiles observed in the middle of the SB in October and Figure 1 . A vertical temperature profile in the SB of Lake Baikal as it is usually observed at the beginning of June or at the end of December, and temperature of maximum density as a function of depth. The profile shown here for example was measured on 6 June 2000. The vertical arrow indicates the minimum displacement of surface water required to reach a depth where its temperature difference to the TMD is smaller than that of the ambient water at the same depth (indicated by the horizontal arrows).
March of each year and the depth-area relationship of the SB. The heat input in a year without significant intrusions was roughly estimated to 5°C km 3 (Figure 3 ). The difference to this value was assumed to be cooling due to the deep water intrusion. Further assuming that the lowest temperature observed at the bottom of the NTW mooring was representative for the intruding water masses, estimated intrusion volumes would have been 27, 59, 51 and 30 km respectively. These volumes are lower for the two winters when the lowest bottom water temperature peaks were observed. Since the energy to displace surface water to a depth where thermobaric instability occurs increases with decreasing surface temperature, colder intrusions might actually be expected to have a smaller volume. The calculated volumes are probably underestimates, as the cooling of the layer below 1400 m depth (28 km 3 volume) and of the water masses above 1300 m depth were not considered. Typical intrusion volumes can therefore be estimated at 50 to 100 km 3 , which corresponds to $5% of the volume affected by seasonal mixing in the SB and is significantly more than the 1 to 10 km 3 of previously observed intrusion events . In the following, the large event observed in winter 2006/2007 is discussed in detail.
[18] Starting from 26 December 2006 in the afternoon, a steady easterly wind with an average speed of 3.8 m s and caused a strong downwelling along the northern coast. Average monthly temperatures at a given depth at all three moorings usually differ by much less than 0.1°C, but between 27 December 2006 and 3 January 2007, the temperatures at the ''Shore'' mooring between 150 and 250 m depth were about 0.7 to 0.9°C lower than the corresponding temperatures at the NTW mooring. The ''Shore'' temperature at 250 m depth cooled down to values similar to those at the NTW 100 m depth, whereas the NTW temperature at 250 m depth remained almost constant (Figure 4 ). Even at 400 m depth, a significant cooling was observed at the ''Shore'' mooring. To our knowledge, such a continuous downwelling exceeding 150 m has never been observed in Lake Baikal.
[19] Vertically integrating the density difference from 15 to 300 m depth between the moorings ''Shore'' and NTW for the time when the current was relatively stable (between 28 December 2006 and 2 January 2007) yields a baroclinic pressure gradient of 3.1 mPa m
À1
. Assuming a geostrophic flow, i.e. a steady state equilibrium flow driven only by the pressure gradient and the Coriolis force, the along-shore current should have had a speed of 0.27 m s À1 at 15 m depth, which is exactly equal to the average observed westward along-shore component during this time period. The perfect agreement is certainly a coincidence, but it shows that the pressure required to generate the observed downwelling is consistent with the observed horizontal currents. The surface current had also an average component of 0.09 m s À1 towards the shore. If this value is representative for a shore length on the order of 150 km and for the top 50 m of the water column, a volume of about 350 km 3 would have been transported towards the shore, which could easily account for the intrusion volumes calculated above.
[20] On two occasions, the downwelling was strong enough to overcome the potential energy barrier for deep water formation, as can be seen in the ''Shore'' temperatures observed 3 m above ground (547 m depth). On 27 December, this temperature dropped from 3.5°C to 3.25°C within 2.5 hours, and on 31 December from 3.32 to 3.12°C within 20 minutes, whereas it had never dropped below 3.35°C for more than 2.5 years before. As the TMD is 2.9°C at this depth and salinity is negligible for the density stratification in the deep zone of the SB, this cold water was heavier than both the offshore water at the same depth (3.45°C) and the deep water (3.38°C), and therefore plunged down the steep slope and reached the maximum depth of the SB. Between 27 December and 3 January, this condition was almost permanently fulfilled, and continuous deepwater formation could be expected. The 3.1°C cold water front reached the lowest thermistor of NTW 24 hours later, and that of NTE 50 hours later, which indicates that the front moved eastward with a speed of $1 km d À1 .
[21] We conclude that coastal downwelling followed by thermobaric instability caused the large deepwater intrusion in winter 2006 /2007 . Observations from winter 2004 (not shown) were qualitatively very similar but not sufficient to resolve the mechanism. We therefore suggest that the same mechanism caused all the cold intrusions observed in previous years (Figure 3 ). This hypothesis is consistent with the fact that the driving force, i.e. the average wind speed in December [Shimaraev et al., 1994] , is highest (5.8 m s À1 ) in the CB, where the lowest bottom temperatures and the strongest vertical temperature gradient in the deep water indicate the most efficient deepwater renewal. Conversely, relatively weak winds (4.0 m s À1 ) lead to higher bottom temperatures and a weaker temperature gradient in the NB, while the SB (5.2 m s À1 ) lies in between the two for all three parameters. The same processes might be important in other deep temperate lakes where the temperature curve crosses the TMD. They have actually been suggested as the cause for large deep intrusions observed in Crater Lake, but due to the lack of nearshore data this hypothesis could not be proved [Crawford and Collier, 2007] . Similar intrusions have also been observed in Quesnel Lake (E. Carmack et al., unpublished data, 2003 (E. Carmack et al., unpublished data, /2004 .
[22] Based on this evaluation of the underlying mechanisms, we predict the following sensitivities of deepwater renewal to expected environmental changes: A temperature increase of the whole water column by a few tenths of a degree would facilitate deepwater renewal, as the deepwater temperature would move away from TMD. This negative feedback means that the temperature of the permanently stratified deep water is not sensitive to global warming, whereas the rate of bottom water renewal and thus the nutrient recycling could potentially increase. A seasonal shift in water temperatures or a shortening or lengthening of the ice-covered period should have no effect other than changing the timing of deepwater renewal -except if the typical Verkhovik winds in December/January no longer occur at the same time as the optimal conditions for downwelling. Obviously, increasing wind speeds would lead to enhanced deepwater renewal. Recently, the intensity of the wintertime Siberian high has considerably decreased [Panagiotopoulos et al., 2005] . The effect of this trend on the local winds remains to be investigated, but if it leads to a change in the timing or strength of the Verkhovik winds, the consequences for the deepwater renewal could be important.
